A time-domain chemical-recognition system for classifying gases and analyzing gas mixtures is presented. We analyze the free induction decay exhibited by gases excited by far-infrared (terahertz) pulses in the time domain, using digital signal-processing techniques. A simple geometric picture is used for the classif ication of the waveforms measured for unknown gas species. We demonstrate how the recognition system can be used to determine the partial pressures of an ammonia -water gas mixture.
The analysis of chemical compositions is a fundamental issue in molecular spectroscopy. In the far-infrared region of the electromagnetic spectrum, time-domain spectroscopy has been facilitated by a novel development of pulsed broadband sources. This spectroscopic technique, commonly known as terahertz (THz) timedomain spectroscopy, is based on optoelectronic techniques 1,2 that use photoconductive antennas excited by femtosecond laser pulses to generate and detect subpicosecond electromagnetic pulses. The THz waveforms consist of a single-cycle oscillation of the electromagnetic field and have spectra covering frequencies from 100 GHz to more than 2 THz, and signal-to-noise ratios as high as 10 6 : 1 have been obtained. 3 The impulse character of the THz waveforms has motivated studies of the coherent transient response of resonantly excited gases 4, 5 and gas mixtures. 6 The coherent transient phenomena show up in the timedomain spectra as free induction decays 7 (FID's) characterized by fast oscillations 4 and commensurate echoes 5 that occur after the impulse excitation. The FID is a unique time-domain representation of the absorption and dispersion characteristics of the sample and serves as a fingerprint of its chemical composition. However, despite its time-resolved nature, THz spectroscopy has so far been based on conventional Fourier-transform techniques.
In this Letter we demonstrate a time-domain chemical-recognition system for the analysis of the chemical compositions of infrared active gas systems. We model the action of a resonantly excited gas or gas mixture by a linear digital filter that reshapes an incident THz waveform to produce the corresponding FID. These circumstances strongly resemble the basic problems of spectral estimation for phonetic recognition, 8 and theory and algorithms from speech recognition systems have been adopted. In particular, we apply a correlation type of analysis known as linear predictive coding 9, 10 (LPC) to extract and parameterize the spectral features of a waveform. A simple geometric picture permits the use of these parameters for classif ication of individual gas species as well as mixture analysis.
In linear prediction, subsequent values in a time series of a digital signal, s͑n͒, can be generated from a weighted sum of the past M values:
where e͑n͒ is the residual, and a k are the parameters of the linear prediction. To illustrate the basic physics involved we introduce the z transform of Eq. (1):
where z exp͑i2pf D͒ and D 21 is the sampling frequency. We find that the signal S͑z͒ is constructed from the residual E͑z͒ by an all-pole filtering:
where
The LPC coeff icients a k contain the information on the spectral content of the waveform. The advantages of using LPC for chemical recognition of gases are twofold: (1) Poles provide an accurate representation for an underlying power spectrum that has sharp spectral lines. This is in contrast to Fourier analysis, in which a signal waveform is expanded into a Fourier series. Such series can have only zeros, not poles, and must attempt to fit sharp spectral features with a polynomial that requires a large number of coeff icients.
(2) By using the LPC we can always rely on the same number of coeff icients M, regardless of the number of resonances excited. This enables us to use simple geometric pictures instead of complicated template-matching techniques for the classif ication of waveforms.
The optimum values for the LPC coefficients are calculated from least-squares principles, i.e., we wish to minimize the total squared residual: E P e͑n͒ 2 . The analysis yields a system of normal equations 10 that relates the LPC coefficients to values of autocorrelation function P k s͑k͒s͑k 2 n͒ of the time series representing the waveform.
The parameters from a LPC analysis are treated as a vector, a ͑a 1 , a 2 , . . . a M ͒, in an M-dimensional vector space. Vectors representing known gas species are stored in a codebook, and the codebook is built by successive measurements and subsequent LPC analysis for a variety of different gases. The final codebook contains a set of linearly independent vectors ͕a i ͖, i 1, 2, . . . , p, p , M, that span a subspace of the M-dimensional vector space. A single-species recognition procedure consists of a full search of the codebook to find the best match between the trial vector, i.e., the LPC coefficients of an unknown species, and the vectors in the codebook. We accomplish this by calculating the Euclidean distances between the vectors and use the minimum distance as the classif ication criterion.
A gas-mixture analysis uses the fact that the LPC vectors from different gases add in the M-dimensional vector space. Hence, a coordinate representation x i of the trial vector in the ͕a i ͖ basis becomes a measure of the mole fractions of the species present in the mixture. We illustrate these principles in Fig. 1, using 
For experimental realization of our proposed chemical-recognition system we use a standard setup for THz time-domain spectroscopy. 2, 4, 5 In the experiment we pass a collimated THz beam through a 30.5-cm-long gas cell.
We have studied the gases HCl, NH 3 , H 2 O, and CH 3 CN in a pressure range from 0.3 to 13 kPa. Figure 2 shows an example of a THz waveform resulting from propagation in a HCl atmosphere at a pressure of 13 kPa. The measured FID shows oscillations that are due to the frequency beating among resonances at 0.626, 1,251, and 1.876 THz. 11 We obtain the waveforms by sampling N 1024 points with a temporal resolution of D 93 fs. That is, the sampling of a particular waveform is usually interrupted before the FID has completely decayed. This illustrates that frequency resolution ͑ND͒ 21 is not an issue in our chemical-recognition system. In fact the LPC is able to predict sharp resonances by using a very small number of data points ͑N ഠ M͒, where Fourier analysis fails to resolve the resonances. This is due to the predictive properties of the LPC analysis, and hence the LPC offers better quantitative analysis for a small number of data points.
Before the LPC analysis, the waveforms are preprocessed by finite impulse response filtering and timedomain windowing. We do this to stabilize the LPC by reducing the risk of predicting spurious frequency peaks. Because we are interested in only the coherent irradiance from the gas, we begin the LPC analysis for values appearing after the impulse excitation. Figure 3 shows a comparison between the maximum-entropy-method power spectrum, 10 calculated from the LPC coeff icients, and the Fouriertransform power spectrum for a waveform that has been propagated through H 2 O vapor. The maximumentropy method spectrum is estimated from the power spectrum of the all-pole filter. The comparison between the two spectra serves as a conf idence measure for the LPC but is not used for recognition purposes. The frequency resolution obtained from the Fourier analysis is better that the resolution obtained from the LPC. However, the LPC analysis correctly predicts the power, i.e., the integral of the power spectral density, in an absorption line.
To demonstrate the use of the chemical-recognition system for mixture analysis, we have chosen to study the binary mixture of NH 3 and H 2 O. We find this mixture interesting from a recognition point of view because resonances at 0.572 THz (NH 3 ) and 0.557 THz (H 2 O), and again at 1.168 THz (NH 3 ) and 1.163 THz (Ref. 11, H 2 O) coincide substantially within the frequency resolution of our experiment. The result is shown in Fig. 4 . We prepared the mixtures by starting out with NH 3 vapor at 12.9 kPa and successively exchanging it with H 2 O vapor in portions of few percent per volume. For each mixture a waveform was recorded. From the LPC analysis and the geometric interpretation of the LPC vector we calculate the mole fractions of the two species. We convert the mole fractions into partial pressures by scaling to the pressure of the corresponding coded vectors. Nonvanishing projections onto species in the codebook that were not present in the mixture (HCl and CH 3 CN) are attributed to experimental uncertainties and are used to estimate error bars. Error bars are displayed only when they become larger than the actual data points. The inset of Fig. 4 shows the result of a single-species recognition of HCl at various pressures. We used both LPC analysis and Fourier analysis to estimate the actual pressure of HCl. The dashed line shows the ideal case. In terms of getting quantitative pressure information both techniques are useful but neither is signif icantly better.
From Fig. 4 we find that the chemical-recognition system is able to trace the transition from NH 3 -dominated mixtures (lower right) to H 2 O-dominated mixtures (upper left). When a mixture is strongly dominated by NH 3 the prediction yields a slightly negative pressure for H 2 O and a pressure for NH 3 that is larger than the starting pressure. Obviously, this situation does not have any physical meaning and results from insuff icient statistics for the coded vectors. By use of clustering techniques 8 of vectors obtained from repeated measurements on a particular gas species, we should be able to eliminate this inaccuracy.
In conclusion, we have demonstrated the use of THz waveforms for chemical recognition of gases and gas mixtures. The recognition system is based on a correlation type of analysis and is carried out in the time domain. Using a simple geometric picture, we were able to estimate the partial pressures of components in a gas mixture. We foresee potential real-world applications such as trace-gas sensing and industrial process control for our proposed chemicalrecognition system.
